Abstract. The regenerative capacity of mature pecan [Carya illinoinensis (Wangenh.) K. Koch] embryonic tissues was demonstrated after pretreating mature nuts to eliminate associated endogenous contaminants. Cultured cotyledon segments were induced to form adventitious roots in a medium with 50 µM NAA. A regeneration medium with 20 µM BA and 5 µM IBA stimulated prolific axillary shoot production from the embryonic axis without causing cotyledon abscission. Cotyledon retention was essential for shoot initiation and long-term development. Eighty-five percent of the shoots emerging from embryonic axes formed at the cotyledonary nodes. Thirty percent of the microshoots rooted on an auxin-free medium after preculture in a medium with 20 µM IBA. TDZ (25 µM) stimulated callus production from the cotyledonary nodes and radicles. Adventitious buds emerged on the callus surface and internally in callus. Chemical names used: a -naphthaleneacetic acid (NAA); 6-benzylaminopurine (BA); indole-3-butyric acid (IBA); N-phenyl-N'-1,2,3-thidiazol-5-ylurea (TDZ).
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each treatment. To test for root organogenesis HORTSCIENCE, VOL. 28(3), MARCH 1993 in cotyledon cultures, cotyledons were detached at the embryonic axes. Each cotyledon was divided perpendicularly into six segments and cultured in 80 ml of regeneration medium with 0, 3, 30, 50, and 60 µM NAA. There were 30 vessels per treatment and six plant segments per vessel.
In separate experiments, the basal ends of shelled, intact embryos were inserted vertically into 60 ml of the regeneration medium. Small depressions were precut into the surface of the agar medium with a scalpel to minimize medium surface disturbance during embryo insertion. After screening a wide range of auxincytokinin combinations representing distinct molar ratios of auxin and cytokinin, we cultured 50 explants on each of six PGRs. A medium containing no PGR was the control. Media designed to induce proliferation from axillary buds contained (in µM) 0 IBA/40 BA, 5 IBA/ 40 BA, and 5 IBA/20 BA. Media specifically formulated to induce adventitious buds included (in µM) 0 IBA/25 TDZ and 5 IBA/20 BA.
All vessels were sealed with parafilm and placed in a growth chamber in darkness at 33C. After being transferred to medium with normal water status (4 weeks) as described above, whole embryo cultures were placed under a 65-µmol·m -2 ·s -1 continuous photosynthetic photon flux provided by cool-white fluorescent lamps. Cotyledon cultures were examined after 2 additional weeks to determine rooting frequency and number of roots per segment. After4 weeks under light, embryo cultures were examined to record shoot development and the incidence of cotyledon abscission.
Axillary shoots from the embryonic axes were stripped of lower leaves and inserted into test tubes containing 1) 10 ml of a medium with 7.5 µM IBA, a lower sucrose concentration (15 g·liter -1 ), and half-strength MS salts (control) or 2) the same medium supplemented with 5 or 10 µM 5-hydroxy-1,4-naphthoquinone (juglone), 2-hydroxy-1,4-naphthoquinone, 1,4-naphthoquinone, or hydroquinone. Cultures were kept in darkness for 1 week, then exposed to light. In subsequent rooting trials, microshoots were inserted into a medium with 20 µM IBA, kept in darkness for 1 week, then transferred to an auxin-free medium and into light as described above. Fifty replicates were evaluated in each rooting treatment after 5 weeks under light. Rooted plants were then transplanted into a moist, sterile 1 soil : 1 peat : 1 perlite mixture (by volume) contained in clean, surface-disinfected 1100-ml plastic pots and placed under intermittent mist (3 sec/5 min) on a greenhouse bench. After 1 week under mist, plants were transferred to a greenhouse bench with no mist.
In separate experiments, 40 embryo axes and 80 whole embryos were cultured in a medium with 20 µM BA, 5 µM IBA, and a high agar concentration, as described above. After 4 weeks, the embryonic axes and half of the intact embryos were subcultured to a medium with a lower agar concentration (higher water availability), as described. The embryo axes of the remaining whole embryos were subcultured to a new medium.
Statistical analyses. Mean numbers of roots from cotyledon explants under various NAA concentrations were analyzed using polynomial regression analysis. Mean shoot numbers from embryonic axes with various auxin-cytokinin ratios were separated using LSD at P = 0.05.
For histological studies, cotyledon segments with emerging roots and callus samples that had developed adventitious buds at the cotyledonary nodes and radicles were fixed in 1 formalin : 1 acetic acid : 18 ethanol. Samples were dehydrated through a tertiary butyl alcohol series and embedded in Paraplast tissue embedding medium (Monoject Scientific, St. Louis) with a 56C melting point. Tissues were softened by soaking them in water for 3 days before sectioning. Sections (12 pm) were prepared on a rotary microtome (Spencer model 820; American Optical Co., Buffalo, N.Y.). Microtome sections were then affixed to glass slides with Haupt's adhesive (Haupt, 1930) and double-stained with safranin-fast green (Jensen, 1962 , Johanson, 1940 . Sections were examined using an inverted microscope (Nikon Diaphot; Nikon Instrument Division, Garden City, N.Y.).
Sixty-three percent of the cultured cotyledon segments formed adventitious roots on a medium with 50 µM NAA, there was an average of 18 roots per explant (Table 1) . No response was observed on a medium without NAA. Higher NAA concentrations (60 µM) lowered rooting frequency and number of roots formed per explant. The number of cotyledon segments developing roots and rooting frequency varied according to the segment's position on the cotyledon. Cotyledon explants taken from the basal part of the cotyledons developed nearly twice as many roots as explants taken from the top. Also, roots regenerating from basal explants were larger and thicker than those emerging from top or middle cotyledon segments. Roots did not exhibit normal geotropism, but grew freely in all directions.
Histological examination revealed that adventitious roots initiated and developed from, the cotyledons. in a specific developmental sequence (Fig. 1) . First, some storage parenchyma cells became meristematic and produced callus (Fig. 1A) . Within the callus, tracheary elements differentiated to form xy- lem nests (Fig. 1B) , and adventitious root primordia initiated as a result of organized directional growth of cells from meristematic cells in the callus xylem nests. Adventitious root primordia then grew outward, penetrating the internal callus and the cotyledon's storage parenchyma tissues. Finally, xylem connections between the root primordia and the xylem nests became established as the primordia elongated and eventually emerged at the cotyledon explant surface ( Fig. 1 C and D) . Adventitious root formation from walnut (Juglans regia L.) (another member of the Juglandaceae) cotyledons has been noted previously (Jay-Allemand et al., 1991; Rodriguez, 1982) . However, although limited rooting from callused cotyledonary pecan segments has been observed (Yates and Reilly, 1990) , experiments to induce rooting from mature cotyledonary segments have never been reported, and the ontogeny of adventitious root formation has not been described. As in pecan stem cuttings, adventitious roots emerging from cotyledons were associated with differentiating vascular tissues (Brutsch et al., 1977) . Efficient in vitro root regeneration schemes may be used to study factors that control pecan rooting and the interactions of in vitro pecan roots with soil organisms.
IBA and BA were needed to maximize shoot proliferation from axillary buds on the embryonic axes of pecan explants ( Table 2 ). The medium with 5 µM IBA and 20 µM BA encouraged shoot initiation of an average of 45 individual shoots per initial explant (Fig.  2) ; ≈85% of these shoots developed at the cotyledonary nodes. Other BA and IBA com- Table 2 . Effect of growth regulators on shoot development and cotyledon abscission from embryonic axes.
binations resulted in lower shoot counts, possibly due to cotyledon abscission during the early weeks of culture (Table 2) . In previous experiments, micropropagation has been attempted using microcuttings excised from pecan seedling explants; however, low proliferation rates (1.5 plantlets/explant) (Hansen and Lazarte, 1984) or profuse culture contamination (Wood, 1982) was reported. Proliferation from immature pecan embryos has also been reported; however, the rate was not stated (Yates and Wood, 1989) . In contrast, high shoot proliferation rates from mature explants were obtained in the present tests without interference due to explant contamination.
The cotyledons seemed to be needed to induce shoot growth and maintain shoot development from embryonic axes. When cotyledons were excised before embryos were cultured, the isolated embryonic axes did not develop any shoots. When cotyledon excision was delayed until after 4 weeks of culture, ≈ 12 shoots developed per embryo axis. These shoots failed to survive an additional 4 weeks in vitro. When intact embryo explants were cultured (cotyledons not excised), an average of 42 shoots developed per explant. These results imply that factors supplied by the cotyledons may be needed to support shoot morphogenesis from the embryonic axes.
Thirty percent of the microshoots successfully rooted on an auxin-free medium if first precultured on a medium with 20 µM IBA in darkness for 1 week. Although naphthoquinone, juglone, and hydroquinone have enhanced the in vitro rooting response of several species (Jay-Allemand et al., 1989) , they did not improve the rooting response of pecan microshoots in these tests (control, 26%; hydroquinone, 18%; the rest intermediate).
Rooted plantlets were transplanted successfully and became acclimated to the greenhouse environment with ≈100% efficiency. After 6 weeks in the greenhouse, all acclimated plants produced new vegetative growth.
TDZ-induced adventitious buds from callus developed at the cotyledonary nodes and radicles of all of the cultured explants. Adventitious buds developed mostly at the callus surface ( Fig. 3A) and less often internally in the callus (Fig. 3B) . Internal buds eventually grew outward and emerged at the callus surface. There was no axillary shoot outgrowth from the embryonic axes when IBA and TDZ were present. All of these experiments were repeated with 'Owens' and 'Desirable' pecans, and similar results were obtained.
Previous work implied that pecan regenerative capacity and developmental responses are diminished as nuts mature; however, our results establish that mature embryo tissues are suitable explants for in vitro experimentation, provided that they are pretreated in a medium with low water availability. Yates and Wood (1989) reported that nuts lost their ability to develop axillary shoots as they matured. In other research, Wetzstein et al. (1989) reported that somatic embryogenesis decreased when zygotic embryo cotyledons were fully elongated and ceased once cotyledons began filling. This restriction has limited in vitro pecan research to a narrow window of time for collecting explants and sampling; thus, pecan tree cultivars of interest must be maintained on site. In contrast, some mature nuts have been stored for > l year before explanting, yet have maintained regenerative capacity (data not shown). Since there is a clear association of endophytic fungi with mature pecan nuts (Hanlin and Blanchard, 1974; Obeidy and Smith, 1990) , it is possible that fungal contaminants may have affected the response of mature explants in these previous experiments.
